Direct infusion electrospray ionization Yion mobilityYhigh resolution mass spectrometry (DIESI-IM-HRMS) has been utilized as a rapid technique for the characterization of total molecular composition in "whole-sample" biomass hydrolysates and extracts. IM-HRMS data reveal a broad molecular weight distribution of sample components (up to 1100 m/z) and provide trendline isolation of feedstock components from those introduced "in process." Chemical formulas were obtained from HRMS exact mass measurements (with typical mass error less than 5 ppm) and were consistent with structural carbohydrates and other lignocellulosic degradation products. Analyte assignments are supported via IM-MS collision-cross-section measurements and trendline analysis (e.g., all carbohydrate oligomers identified in a corn stover hydrolysate were found to fall within 6 % of an average trendline). These data represent the first report of collision cross sections for several negatively charged carbohydrates and other acidic species occurring natively in biomass hydrolysates.
Introduction

U
nderstanding the correlation between sample composition and fuel production remains one of the greatest challenges facing the field of bio-based energy. Accordingly, detailed characterization of potential biofuel process streams is a critical step in optimizing biomass-to-fuel conversions, which are required for viable energy yields [1] . Most current biomass analyses target bulk components [2] [3] [4] [5] or screen only a small fraction [6] [7] [8] [9] [10] [11] [12] [13] of the total molecular composition. Moreover, these techniques can involve timeconsuming preparation steps, extended analysis times, and multiple analyses for different compound classes [6] [7] [8] [10] [11] [12] [13] [14] . Currently, there are relatively few examples of analyses applied to "whole-sample" biomass. Fluorescence and nearinfrared spectroscopic techniques coupled with multivariate statistics [2, 3] and 13 C-NMR spectroscopy [4] have been employed for rapid determination of whole-sample biomass hydrolysate. However, such techniques are best suited for providing scoping and/or macro-component (i.e., bulk) information on biomass samples. One approach targeting a whole-sample molecular-level understanding of biomass composition was recently reported by Helm and coworkers [5] , in which flow injection electrospray Y mass spectrometry (FIE-MS) was employed to identify several organic acids and carbohydrates in a dilute-acid pretreated biofeedstock. Although FIE-MS permits monitoring of multiple compound classes in a single analysis, collection of only nominal mass data in the absence of a separation technique can lead to uncertainty in analyte identification and loss of relevant signal in the presence of impurities (e.g., non-native sample components such as surfactants) that are inherent in sample generation.
Ion mobility Y mass spectrometry (IM-MS) separates gas phase ions by size, shape, and m/z, offering an additional degree of separation over mass spectrometry alone. IM-MS has been applied as an effective tool for complex sample analysis in several fields, including proteomics [15] [16] [17] , petroleomics [18] [19] [20] , and metabolomics [21] [22] [23] , and has the ability to separate ions based on differences in chemical class [24] [25] [26] [27] and to distinguish between various molecular conformations and geometries [16, [18] [19] [20] 28] . IM-MS has also been utilized in small molecule analyses, including separation of pharmaceutical drug formulations [29, 30] , chiral amino acid enantiomers [31] , alkaloid stereoisomers [32] , trace analysis of drugs [33] , and screening for chemical warfare agents [34] [35] [36] .
Despite the wide application of IM-MS to many complex matrices, its potential for use in analysis of samples derived from biomass feedstocks has not been investigated. A few analytes common to many biomass samples have been independently investigated with IM-MS (often using commercially available standards), including acetic acid [21] and several carbohydrates [21, [25] [26] [27] [37] [38] [39] , such as 5-and 6-carbon mono/oligosaccharides. However, in almost all of these studies, only positive ions have been analyzed, which is contrary to established mass spectrometry protocols for biomass analysis [5, 14] . Because of the diversity of structural components in biomass and ion mobility's potential for complex sample separation, IM-HRMS is an attractive candidate for whole-sample analysis of biomass hydrolysates and extracts.
Herein, we present direct infusion electrospray ionization Y ion mobility Y high resolution mass spectrometry (DIESI-IM-HRMS) as a novel approach to whole sample biomass analysis. DIESI-IM-HRMS is applied towards the identification and structural confirmation of multiple components in biomass samples. Our results indicate that this technique has the potential to separate and identify carbohydrates and other sample components from those introduced during pretreatment and sample preparation based on a combination of collision cross section (CCS) and HRMS analysis. We present, for the first time, collision cross sections for negatively charged carbohydrates and other analytes occurring natively in biomass samples. IM-MS correlations for structural carbohydrate oligomers in a bio-matrix have also been established to aid rapid identification of potential carbohydrates in a sample. While other techniques involve labor-intensive sample clean-up steps (e.g., multiple liquid and/or solid phase extractions [6] ) or time-consuming chromatographic separation prior to MS analysis [6, 7, 13] , DIESI-IM-HRMS is demonstrated to offer a high-throughput approach for rapid screening of whole-sample hydrolysates.
Experimental
Chemicals and Reagents
Xylobiose and xylotetraose were purchased from Megazyme International, Ireland (Wicklow, Ireland). All other chemicals were reagent grade or better and purchased from standard commercial vendors (i.e., Sigma-Aldrich, St. Louis, MO, USA or Fisher Scientific, Waltham, MA, USA). Distilled water was purified and deionized to 18.2 MΩ with a Barnstead Nanopure Diamond UV water purification system (Dubuque, IA). Dried sorghum feedstock was received from Dr. William L. Rooney, Department of Soil and Crop Sciences, Texas A&M University (College Station, TX, USA). Corn stover hydrolysate (dilute-acid pretreated) was obtained from the National Renewable Energy Laboratory (NREL, Golden, CO, USA).
Preparation of Standards and Generation of Aqueous Extract and Hydrolysate Samples
Individual stock solutions of carbohydrates and organic acids were prepared at 100 ppm by dissolving the neat chemical in water. From the stock solution, a 15 ppm solution of each standard was prepared by serial dilution; these solutions were used for all analyses of standard compounds. A minimal volume of methanol was used in aiding dissolution of certain organic acids in stock solutions.
An aqueous extract of sorghum was prepared via accelerated solvent extraction (ASE-200; Dionex Corp., Sunnyvale, CA, USA) as previously reported [11] . Biomass hydrolysates were generated by pretreating sorghum with 0.7 % H 2 SO 4 (wt/wt) using an ASE pretreatment protocol [40] . Briefly, operation conditions were as follows: 1 g of biomass per 11-mL cell, temperature: 195°C, pressure: 1500 psi, preheat time: 9 min, heat time: 9 min, static time: 24 min, purge time: 120 s, flush volume: 150 % of cell, and cycles: 1. All samples were diluted 1:10 with purified water and filtered using a 25-mm syringe filter with a 0.2 μm nylon membrane (Pall Corp., Port Washington, NY, USA) before analysis.
DIESI-IM-HRMS Analysis
All analyses were performed with a Synapt HDMS ion mobility Y mass spectrometer (Waters, Manchester, UK) equipped with an electrospray ionization source operated in negative mode. For all analyses except those involving collision-cross-section measurements, IMS separations were performed with a traveling-wave height of 8.0 V and applied voltages of 6.0 and 4.0 V, respectively, to the trap and transfer cells. Collision-induced-dissociation (CID) experiments were conducted by increasing the voltage across the trap cell from 6.0 V to an optimized value between 20 and 30 V to produce abundant fragment ions across the m/z range of interest. During IMS separations, a nitrogen bath gas was introduced into the IM cell at a flow rate of 30 mL/min for most analyses providing a typical read-back pressure of 0.68 mbar (when monitored by a Pirani gauge adjacent to the IMS cell). Where noted, a lower flow rate (i.e., 25 mL/min, 0.59 mbar) was used to compare ion mobility profiles of various analytes over a narrow mass range.
As noted in text, the Waters TOF was operated in either W mode (R~15,000 [Δm/m/z 0.5 ]) to improve accuracy of exact mass measurements or in V mode (R~9000) to enhance instrumental sensitivity. Leucine enkephalin was used for instrument calibration and as a lock mass ion as described by Wolff et al. [41] . A 2 ng/μL lockspray solution was infused at 10 μL/min and 1 s of lockspray data was collected for every 10 s of sample data. The [M−H] − ion for leucine enkephalin (m/z 554.2615) was used as a lock mass in post-run data processing. All theoretical masses were calculated using masses for 12 C, 1 H, and 16 O isotopes listed in an International Union of Pure and Applied Chemistry (IUPAC) technical report [42] . All arrival time distributions were obtained by integrating the monoisotopic peak of a given analyte in the 2D IM-MS spectra and are presented uncorrected, as obtained from software (i.e., analyte arrival times are equal to the sum of their mobility drift time and time spent in transit between the drift cell and TOF detector).
Collision-Cross-Section Measurements
Collision cross sections of analytes were measured following the protocol reported by Ruotolo and coworkers [43] .
[M -H]
-ions generated from raffinose, melezitose, and α-cyclodextrin standards, as well as fragment ions of m/z 221 and 323 resulting from collision-induced dissociation of α-cyclodextrin and melezitose, respectively, were used as calibrants for collision-cross-section measurements. Collision cross sections for the calibrants were taken from literature and were 199.1, 196.4, 179.1, 134.1, and 163.2 Å 2 for raffinose, melezitose, α-cyclodextrin, m/z 221, and m/z 323 fragment ions, respectively [39] . Accurate calibration was verified by re-measuring the collision cross sections of the standards using the generated calibration curve and assuring less than 1.0 % deviation from reported values. IM-MS data were collected for standards and analytes at six different ion mobility wave heights (every 0.5 V in the range 5.5-8.0 V) at an ion mobility bath gas flow rate of 25 mL/min. Collision cross sections are reported as an average over all wave heights, with the exception of (1) ions having a molecular weight G200 m/z at larger wave heights, where field-strength-dependent effects were present and (2) ions having a molecular weight 9544 m/z at smaller wave heights, where analyte distributions were outside of the ion mobility window. Arrival times used in collisioncross-section measurements were obtained from the monoisotopic peak of each analyte.
Results and Discussion
Characterization of IM-MS Spectra of Biomass Pretreatment Hydrolysates and Aqueous Extracts
Feasibility of DIESI-IM-HRMS for analysis of biomass samples was evaluated using two sample types derived from a sorghum feedstock: (1) a dilute-acid pretreatment hydrolysate and (2) an aqueous extract. These samples were selected as representative of the relatively complex matrices typically encountered in bioprocess workflows. Although pretreatment hydrolysates have long been a subject of investigation, relatively little is known about their total molecular composition. On the other hand, the relevance of aqueous extracts to valuations of potential energy-yield from a feedstock has only recently been realized [44] .
Representative data for IM-MS analysis of a pretreatment hydrolysate and an aqueous extract is shown in Figure 1 . Note that data in Figure 1 were collected over 2 min. Compared with traditional chromatographic separations of biomass hydrolysates [6, 10, 13, 45] , a 2-min analysis time represents a 10-to 20-fold increase in throughput. In addition, these data exhibit an increase in peak capacity from~79,000 with HRMS-only analysis to~350,000 with IM-HRMS. The total ion signal observed via IM-MS analysis is separated into three distinct regions (indicated by trendline overlays I-III in Figure 1 ). Ions in trendlines I and II were singly-charged, whereas trendline III contained doubly-charged ions. In both hydrolysates and extracts, ion signal is observed across all arrival times and up Figure 1 . DIESI-IM-HRMS plot of m/z versus arrival time for negative ions resulting from 1:10 dilutions of (a) 0.7 % H 2 SO 4 -pretreated sorghum hydrolysate with three distinct trendlines (I, II, and III) and (b) aqueous extract of sorghum with two distinct trendlines (I and II) and a region with several unresolved trendlines (III) to~2000 m/z. Note that the components typically monitored in biomass hydrolysates and extracts (i.e., organic-acid degradation products and small carbohydrates) are less than 250 m/z. However, data in Figure 1 reveal that these analytes would only represent a small fraction of total sample composition, as a majority of ion signals fall outside of that mass range.
IMS separation enables MS signal to be isolated for specific trendlines. Data representative of the primary analyte signal in the two dominant trendlines (I and II, Figure 1 ) are shown in Figure 2 . A number of carbohydrates and lignin degradation products were identified in trendline I by exact mass (Table S1 , Supplemental Data) and collisioninduced dissociation (e.g., Figure S1 and Supporting Text). Despite the complexity of the sample and lack of prefractionation, experimental exact masses were found to be of reasonable quality matching the theoretical exact mass of assigned compounds with an average error of 3.0 ppm. It is important to note that all of these analytes were observed to occur along the bottom trendline (e.g., Figure 1a , I). Chemical formulas for other unidentified components in this trendline were also organic containing C, H, and O. However, no organic species were observed in trendline II. The mass spectra of trendline II (Figure 1a ) was extracted and is shown in Figure 2a . Most intense ions in these data exhibit a strong M+2 isotope (Figure 2a, inset) , consistent with the presence of a Cl or S atom in these analytes (e.g., in the form of Cl -or HSO 4 -adducts). Interpretation of CID data and chemical formulae determined from HRMS resulted in assignment of this trendline to singly-charged inorganic ion clusters (e.g., of the form
, etc., where X is typically a sulfate derivative or chloride). These inorganic ions are likely the result of the dilute-sulfuric acid pretreatment process, as they were also present in a control experiment, where dilute-acid ASE pretreatment was performed in an empty cell (i.e., in the absence of a feedstock). It is important to note that HSO 4 − adducts of carbohydrates and lignin degradation products were found to fall on the bottom trendline along with the non-adducted biomass analytes. However, no peaks were detected in the bottom trendline that were purely ionic/inorganic. Although ion signal in trendline III is too weak to achieve adequate accurate mass data, this signal's correlation between m/z and mobility drift time is consistent with doubly charged salt adducts (in the case of Figure 1a , III) and both doubly charged salt adducts and doubly charged organic species in the broad upper regions of Figure 1b , III.
The persistence of inorganic salts and surfactants is especially problematic for MS analysis of routine biomass hydrolysates where pretreatment with dilute-sulfuric acid is among the most popular approaches [46] . In the absence of IMS separation, chemical noise almost fully obscured ion signal that was observed in trendline I (Figure 1a) . However, data in Figures 1 and 2 demonstrate that the two-dimensional IM-MS separation enables signal resulting from inorganic salt adducts to be resolved from target organic species
Evaluation of IM-HRMS Separation of Biomass Components
The utility of IM-HRMS over low-resolution mass spectrometry or even HRMS only for whole-sample biomass analysis can be further evaluated through closer inspection of sample data. For example, a majority of the carbohydrates identified in these samples (Table S1 , Supplemental Data) were observed to have another partially resolved ion occurring at the same nominal m/z (separated by as little as 16 mDa). Figure 3 shows the IM-HRMS data for a dilute-acid pretreated corn stover hydrolysate in the range of a carbohydrate oligomer (xylotetraose, 545.1714 m/z) identified in the sample. These data (Figure 3 , left projection) reveal two peaks with the same nominal mass but differing by 0.0711 m/z (i.e., 545.1003 and 545.1714) and highlight the need for HRMS when employing direct injection ESI for complex sample analysis. More significantly, IMS separation enabled baseline resolution of Figure 2 . High-resolution mass spectra representative of the major trendlines observed for DIESI-IM-HRMS analysis of biomass pretreatment hydrolysates for (a) mobility-resolved salts corresponding to ion signal in trendline II and (b) organic species of lignocellulosic origin corresponding to ion signal in trendline I (see Figure 1) . Inset shows isotopic spacing representative of most ions in trendline II the two main components (Figure 3 , top projection) and also revealed the presence of a third species (i.e., "unk*") that was not observable by HRMS analysis alone. The peak at m/z 545.1003 is tentatively identified as a hexuronic acid trimer (HexA 3 ) based on exact mass (2.4 ppm error) and characteristic CID spectra. Arrival times of the two components identified in Figure 3 are centered at 8.874 and 10.005 ms for the 545.1003 and 545.1714 m/z ions, respectively. The hexuronic acid oligomer with only three polymer units is observed at a shorter average arrival time than the 5-carbon tetrasaccharide with four polymer units. In our experience using HRMS (resolving power up to 30 K) for analysis of complex samples, we have frequently observed a negative impact on mass accuracy due to peak asymmetry resulting from unresolved analytes. These data in Figure 3 show IMS could facilitate accurate mass measurements by improving mass spectral peak purity. However, software that can calculate accurate mass based on three-dimensional data needs to be developed and/or standardized before such a benefit can be fully realized.
In addition to enhancing resolving power, DIESI-IM-HRMS can also be employed towards rapid fingerprinting of potential biofuel process streams. Chemical fingerprinting of lignocellulomic samples by MS alone can be particularly difficult owing to the high degree of structural diversity, which results in (potentially multiple) ion signal(s) at every nominal mass (e.g., Figure 4 , top). However, data in Figure 4 (bottom) show unique arrival times at nominal m/z in each sample, allowing rapid differentiation between samples and/or sample components. Such fingerprinting of biofuel process streams may be particularly useful when monitoring stream "health," assessing sample viability, and during chemometric feedstock valuations [14] .
Both peak width and arrival times may be used to evaluate the presence of specific species. For example, exact mass identified a 5-carbon trisaccharide at m/z 503 in both corn stover and sorghum hydrolysates. Four common glucose trisaccharide isomers with the same chemical formula as the unknowns but varying in linkage position were analyzed with DIESI-IM-HRMS and compared with the broad IMS distributions in the real samples ( Figure 5 ). Each ion was observed to have a unique arrival time distribution with a base peak width of about 2.2 ms. Arrival times of the same m/z in corn stover and sorghum fall between that of maltotriose and the other three isomers and are substantially broader (3.5-4.0 ms at the base) than the width of a single-component peak, indicating that multiple carbohydrate isomers may be present in the biomass samples (these data are described in more detail below). Note that improved IMS resolving power would be expected to substantially improve differentiation of isomers, improving the utility of the DIESI-IM-MS approach. For example, with an IMS resolution of 45 (R=Ω/ΔΩ), which has been reported for currently available commercial instrumentation [47] , melezitose and raffinose would be partially resolved (overlapping at~1/3 height with an approximate peak-to-peak resolution of 1) and the other isomers would be baseline resolved.
Mass-Mobility Correlations of Carbohydrates in Biomass
Utilizing mass-mobility correlations can be important for analyte determinations in complex samples. For example, when investigating a corn stover hydrolysate on a nominalmass mass spectrometer, Helm and researchers [5] observed a peak at m/z 246.8 that was identified as a pentose-HSO 4 − adduct. In the mass spectrum of biomass hydrolysate used in this work, an intense peak at m/z 246.85 was also observed with a corresponding average arrival time of 2.62 ms. Based on previous work [5] , the analyst would be tempted to assume this analyte is the same pentose-HSO 4 − ion as reported previously. However, the mass and arrival time of this ion was observed to correspond to an analyte positioned on the middle trendline (i.e., Figure 1a , II), indicating that it is an inorganic ion. A less intense peak at m/z 247.01 and 4.24 ms was identified as a potential candidate for the pentose-HSO 4 − adduct, which was confirmed by exact mass. With unique mass-mobility correlations for different compound classes (e.g., carbohydrates and inorganic ions), identification of peaks with close or even the same molecular weight can be made with improved confidence without requiring additional analyses (e.g., LC-MS, CID, etc.). In the current work, a linear mass/mobility correlation was observed for all carbohydrate oligomers independent of ion Figure 6 ). All of the identified carbohydrate species were observed to fall within 6 % of the average trendline, suggesting that any ion signal exhibiting greater deviation should be − ion of four 6-carbon trisaccharide isomer standards and the corresponding trisaccharide signal observed in corn stover and sorghum hydrolysates. Structures for the carbohydrate standards reported in this figure are shown on the right. Note that an IM gas flow rate of 25 mL/min was used in the collection of these data Figure 6 . Mass-mobility correlations for 5-and 6-carbon carbohydrate ions observed in corn stover hydrolysate. The numbers "5" and "6" are added to the plot for easy identification of 5-and 6-carbon data points with superscripts and subscripts representing, respectively, the ion type and degree of polymerization. Superscript letters designate ion type as follows: 
Collision-Cross-Section Measurements of Biomass Analytes
Comparison of ion mobility arrival times for standard and sample peaks can be useful in analyte identification. However, arrival times can vary between instruments and are dependent on various instrumental parameters. Collision cross sections provide an effective measure of an ion's gasphase size, which is constant for a given analyte assuming "low field" conditions are maintained. Thus, measurement of CCS can provide increased confidence in analyte assignments, particularly in the case of isomers. To generate representative data, collision cross sections of carbohydrate standards and select carbohydrate ions in a corn stover hydrolysate were measured. [25, 26, 37, 38] . Negative-ion CCSs were~2 % larger than literature values for xylose and glucose and between 7 %-16 % different for the other oligosaccharides. It is not known whether these differences in cross section result from differences in ion structure or from differences between the two approaches for measurement. Although it would not be unexpected for negative ions to adopt a substantially different structure than positive ions, the collision cross sections found in this work for negative trisaccharide ions exhibit the same trend (maltotriose9 isomaltotriose9raffinose9melezitose) as CCSs for positive ions [26, 37, 38] .
A direct correlation between field strength in the traveling wave drift cell and a static DC field cannot be made to directly evaluate the low field limit during CCS measurements. In our work, CCSs were constant for all wave heights used to calculate the value. However, continued increase of wave heights beyond the values reported in this study did result in mass-dependent variation in observed CCS. Considering ion mobilities differ in high field versus low field conditions, we interpret the wave heights providing constant CCS values in our experiments to be indicative that the effective "field strength" was analogous to low field conditions in a classical DC drift cell experiment. In addition, it is reasonable that the low field limit for a given ion may be estimated by monitoring CCS with respect to wave height, and the possibility of using these data to accurately estimate effective ion temperatures is the subject of ongoing work in our laboratory.
CCS data for carbohydrates identified in the corn stover hydrolysate were determined for [ − ions of the standard carbohydrates (≤3 % difference), suggesting that the molecular structures of the standard analytes are probably the same as or similar to those analytes observed in corn stover. We note that direct comparison of Cl -and HSO 4 -adducts between the hydrolysate and the standards is not possible as they were not observed in the standard solutions. One exception to the agreement between the standards and analytes observed in corn stover is the CCSs of the 6-carbon trisaccharides. Four different 6-carbon trisaccharide isomer standards (see Figure 5 for structures and ion arrival times) were investigated in this work, and their collision cross sections range from 197.1 (melezitose) to 210.6 (maltotriose) Å 2 ( Table 1) . It is important to note that the broad arrival time distribution for the 6-carbon trisaccharide in corn stover suggests the presence of multiple isomers. However, the average collision cross section of this peak (210. 1 Å 2 ) is most similar to that of maltotriose (G1 % difference), indicating that maltotriose might be the most abundant isomer in the sample.
A particularly interesting feature of the collision-crosssection data for carbohydrates (Table 1) is that a significant difference in collision cross sections for the deprotonated and adducted (Cl − and HSO 4 − ) ions is observed. In the absence of conformational change, ion adduction generally does not significantly alter the collision cross section of ions in large molecules (e.g., peptides and proteins), especially in the case [25, 34, 36] . It is currently not clear whether the observed change in cross section is due to conformational change or to the relative size of the anion. We note that the difference is larger for lower molecular weight carbohydrates (up to 32 %) than for higher molecular weight carbohydrates (as low as 2.4 %), which may indicate that the relative size of the adducting ion to the analyte is alone responsible for influencing the observed CCS. In addition, bisulfate adducts were found to have larger collision cross sections than chloride adducts, with the exception of the 6-carbon disaccharide and trisaccharide where the values are nearly equivalent.
Collision cross sections were also measured for select small molecule (G200 m/z) biomass degradation products (i.e., aromatic acids and aldehydes). Collision cross sections of standards and corresponding ions found in corn stover and sorghum hydrolysates are listed in Table S1 (Supplementary Data), and illustrate the value of utilizing CCS measurements to aid identification of isomeric species with small structural differences. A comparison of cross sections between the standard and hydrolysate ions can provide additional information about sample composition. For example, homovanillic acid and syringaldehyde, which have cross sections of 130.6 and 126.7 Å 2 , respectively, are both analytes that have been regularly observed in dilute-acid pretreatment hydrolysates during our analyses by LC-MS/MS. The cross sections of the ion having the same predicted chemical formula in corn stover and sorghum (127.3 and 127.2 Å 2 , respectively) closely matches the cross section of syringaldehyde, indicating that the m/z peak in the hydrolysates might belong to syringaldehyde. These data are in good agreement with quantitative determination of syringaldehyde and homovanillic acid in corn stover (by an LC-MS/MS method [9] ), which indicates syringaldehyde is the most abundant isomer at 19.8 ppm while homovanillic acid is only present at a much lower concentration (1.08 ppm).
For some isomers, CCS data can be less conclusive. The collision cross section for C 7 , respectively, for 2,5-and 3,4-dihydroxybenzoic acids). The presence of both 2,5-and 3,4-dihydroxybenzoic acid were confirmed as present in the sample by LC-MS/MS analyses, suggesting the intermediate collision cross section of the unknown isomer in corn stover results from the presence of both of these ions. However, without complimentary analysis such as LC-MS or assessment of peak width (as described above), it could have been concluded that a different C 7 H 6 O 4 isomer was in the sample. These data indicate that although small differences in isomer CCSs can be easily observed and reliably quantified in pure standards, IMS resolution is very important when more than one isomer may be present in a sample at similar intensity.
Evaluation of CCS for analyte determination does bring about a few interesting perspectives and/or concerns regarding the use of DIESI-IM-HRMS analysis for these sample types. First, note that while syringaldehyde and homovanillic acid were both present in the sample described above, only syringaldehyde was detected. As would be expected, only the most abundant analytes (or those with extremely high response factors) would typically be observed via this technique owing to the inherent qualities of DIESI. Second, although a number of analytes with identical chemical formulas have cross sections that are significantly different, to the extent that analytical assignments are possible, it is noted that the resolving power of the instrument prohibits baseline (or even partial) resolution if these analytes were to occur simultaneously. Although this is a limitation of the physical properties of the instrumentation employed in this work (which has an IMS resolving power of~4-7), we note that commercially available instrumentation offer mobility separations with improved resolving power (R~45 [Ω/ΔΩ 1/2 ; where Ω=ion drift times]) [47] that would be capable of separating many of these isomers. However, even at current resolution, analyte arrival-time peak width and shape (i.e., Gaussian versus non-Gaussian) can be relied on when assessing peak purity.
Conclusions
Owing to its ability to isolate relevant biomass signal from interfering sample components, DIESI-IM-HRMS presents as an attractive technique for assessing total molecular composition, which may ultimately provide a more thorough understanding of the correlation between hydrolysate composition and biofuel production. Although samples in biofuel process streams are typically analyzed for a handful of components generally occurring at less than 250 m/z, this work reveals highly complex samples with molecular weights of ions ranging up to 1500 m/z. With a 4-fold increase in peak capacity, IM-HRMS offers improved separation over HRMS alone. Increased sensitivity and decreased spectral complexity can be achieved via trendline-refined IM-HRMS, enabling useful data collection without requiring extensive sample clean-up steps prior to MS analysis. In addition, ion-neutral collision cross sections provide a degree of analyte confirmation that supersedes analyte chromatography retention time (i.e., cross section is a constant for a given analyte independent of instrumental conditions). Although the resolving power of the mobility separation was not sufficient to provide baseline resolution for analytes of very similar size and shape, baseline resolution was generally attainable with both IMS and HRMS separations combined. We note that current commercially available instrumentation offers an order of magnitude increase in mobility resolving power, which would substantially improve isomeric separation and identification in bioprocess samples. To our knowledge, these data represent the first report of IM-HRMS data of carbohydrates and other common biomass analytes in negative mode.
